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ABSTRACT 
The first draft of the entire human genome was released in 2000, bringing with it 
the potential for personalized medicine in which there would be customization of health 
care, with practices and decisions being specially suited to each individual patient by the 
use of their genetic code. However, the costs and duration of the sequencing with the 
available technology at that time still left genome analysis out of reach for the majority of 
people. Since then, there has been an ongoing challenge to lower the cost of sequencing, 
and to make it more accessible to the public. Newer methods of genome sequencing 
using circularized human DNA have now been developed that have the potential to both 
lower the cost and speed up the process. One such method is rolony technology in which 
the DNA is circularized, amplified, and then fluorescent probes are ligated to the DNA 
template for sequencing. The order of bases is determined by fluorescence of the ligated 
and bound probes. The main hurdle with this technology remains the lack of good quality 
sequencing templates. A good template allows for a rolony to be produced that is 
efficient in circularization and amplification. It has been proposed that sequence and 
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secondary structure contribute to the quality of rolony, but the exact parameters have not 
yet been determined. ln the work describe here, different rolony templates were chosen 
and studied for their sequencing potential. The hypotheses tested were whether a 
sequence specific secondary structure was required for circularization, whether a 
sequence specific secondary structure was required for Rolling Circle Amplification, and 
if the secondary structures assisted in folding the DNA into rolonies. It was determined 
through various experiments that template sequence, and the secondary structure of the 
template are representative of the quality of rolony produced. 
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Introduction 
Human genome sequencing seems to be the way of the future. Since unveiling the 
first draft of the human genome sequence in 2000 there have been a plethora of ideas as 
to how use the human genome. It can plausibly be used in personalized medicine both 
preventatively and in treatment modalities. Knowing that a person carried certain 
susceptibility genes would mean that measures could be taken to decrease the likelihood 
of an infection or disease. In addition, having the patient ' s genome on file would allow 
medicine to be tailored to fit each patient. The issue up to this point has been affordability 
and accessibility. Human genome sequencing is a very expensive, intricate, and complex 
process. The technology is not at the point where it can be marketed to large populations. 
Rolony is a very new type of sequencing technology. It uses circularized human 
DNA, and seems to hold the key to some of the problems that are faced with current 
sequencing in terms of cost and complexity. Every other sequencing technology up until 
this point has used linear DNA for sequencing. Rolony has been the first to incorporate 
circularized DNA into the process of sequencing. With costs far below that of all current 
sequencing technology, with current estimates from the Wyss Institute placing 
sequencing at $10/Gigabase, and with a run time of approximately 10 hours (Church Lab, 
unpublished data) , rolony seems to be the way to go. Comparative costs at Roche 454 
($20,000 per GigaBase; run time: 12 hours), lllumina ($1 ,000 per GigaBase; run time: 4-
9 days), and Applied Biosystems ($1 ,000 per GigaBase; run time: 14 days) (Metzker, 
2009) are significantly more expensive and often more time consuming. However, rolony 
technology still has challenges because the most efficient template sequence has not yet 
been attained. Selection of the ON A template is the most important step in rolony 
sequencing. The best template is one that will efficiently circularize, and will then be 
easily amplified. Up to this point it has not been determined what exact parameters are 
required to make these desirable rolonies . This focus of this thesis will be to elucidate 
what it is that makes good rolonies, with an emphasis on DNA template sequences and 
secondary structure, and how they are involved in the process of producing rolonies. 
I. DNA Sequencing and its importance 
It has now been over 10 years since the success of the Human Genome Project in 
unveiling the first entire human genome sequence (Lander et a/., 2001 ; Venter et a/. , 
2001 ), and scientists have just started to scratch the surface of what the sequence holds. 
Many discoveries have been made since the sequencing of the first human genome. Some 
of them include advances in allele variation, Single Nucleotide Polymorphisms, 
epigenetic modifications, and gene organization (e.g. duplications, and repeats) (Varmus, 
20 12). This has led towards the idea of personalized medicine. Personalized medicine is 
essentially customized health care with tailor specific treatment for every patient, made 
possible using an individual ' s genomic sequence. 
Since the first publication of the first human genome, scientists have been fervently 
studying the human genome, and have understood it more each day. The genome is very 
complex, but great strides have been made in its elucidation. Each discovery has moved 
scientists closer to basic goal of understanding how different genes cooperate to direct 
2 
growth, development, and maintenance of organisms. For instance, elucidation of the 
initialization of cancer and how it progresses, both at the cellular and organismic level , is 
under way. 
After the discovery of the molecular structure of Deoxyribonucleic acid (DNA) in 
1953 (Watson and Crick, 1953), its functional organization became of considerable 
interest. This discovery was quite possibly the most important discovery in modem 
science. Over half a century later, scientists are still working on this molecular entity and 
the genetic instruction it provides. 
In 1977, Maxam and Gilbert published a paper for the first method of DNA 
sequencing. It involved using a chemical procedure that would break terminally labeled 
DNA partially at each repetition of a base. The positions of the bases were identified by 
the length of the labeled fragments , and the reactions were resolved by electrophoresis. 
This technique permitted the sequencing of 100 bases from the point of labeling (Maxam 
and Gilbert, 1977). In 1977, Frederic Sanger also published a landmark paper on the 
rapid determination of a chain of DNA nucleotide. It was a method using chain 
terminating inhibitors called the "plus minus method" (Sanger, Nicklen, and Coulson, 
1977). Sanger sequencing proved to be significantly more efficient than Maxam and 
Gilbert's method, and has been one of the mainstays of modern biology. 
II. Next-Generation sequencing methods 
Following the first human genome sequencing, there has been an increased demand 
for a low-cost and high-throughput technology capable of sequencing millions of DNA 
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templates in parallel (MacLean, Jones, and Studholme, 2009). While next-generation 
sequencing (NGS) technologies used by companies such as lllumina (San Diego, CA), 
Roche 454 (Bransford, CT), Complete Genomics (CGI, Mountainview, CA), and Ion 
Torrents (part of Life Technologies Corp, Guilford, CT.) have not completely eliminated 
Sanger sequencing, they have made sequencing sufficiently convenient to be used in the 
medical space, and to the point where our sequencers are outpouring more data than can 
be analyzed. However, NGS technologies have shown to be rather error prone and have 
offered shorter sequencing read lengths compared with Sanger sequencing. Longer read 
lengths are preferable because of the fact that they allow for open reading frame detection 
that is more accurate, and has a higher sensitivity in detecting sequence homology 
(Schuster, 2009). Still, being able to produce a large number of sequence reads at low 
cost has made the applications ofNGS technology almost endless. Its potential can be 
compared to the early days of Polymerase Chain Reaction (PCR) where there was an 
endless array of applications (Fullwood eta! , 2009). Sequencing technology can be 
applied to genomic sequencing, metagenomics, epigenetics, non-coding Ribonucleic 
Acid (RNA), and to discover protein-binding sites. Sequencing whole genomes for 
related organisms allows for comparative and evolutionary studies, de novo assembly of 
bacterial or eukaryotic genomes, entire genome profiling for epigenetic marks or 
chromatin structure, species classification, or gene discovery (Metzker). 
The first of the NOS platforms was developed in 1992 by Lynx Therapeutics, and 
was called Massively Parallel Signature Sequencing (MPSS) (Brenner et al, 2000). MPSS 
was a complex bead-based technology, which read the DNA in four nucleotide segments. 
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The complexity of this technology meant that sequencing could only be done by Lynx 
Therapeutics, and none of these machines were ever sold. In 2004 a merger with a 
company named Solexa and the idea of sequencing-by synthesis (SBS) came about, and 
MPSS was discarded. Solexa was later purchased by Illumina (San Diego, CA). 
There are currently two preeminent methods for NGS that are used by all of the major 
sequencing companies. These are sequencing by synthesis (SBS) and sequencing by 
ligation (SBL) (Fuller et al, 2009; Metzker, 2009). SBS technologies have in common 
that they detect the incorporation of a nucleotide along the DNA template by a DNA 
polymerase. SBS relies on the high accuracy of a DNA ligase to incorporate detectable 
DNA probes. The main advantage of SBL is the longer read length (50 to 5,000 
nucleotides, depending on the platform), but it comes at the cost of being more error 
prone since it is a longer fragment. SBL produces very short fragment, typically 6 
nucleotides, but offer the highest accuracy. 
Roche 454 (Bransford, CT), Illumina (San Diego, CA) and Ion Torrents (part of Life 
Technologies Corp, Guilford, CT) are three companies that use SBS for commercially 
available sequencing. Any individual can contact these companies to have a genome 
sequenced. Roche 454 Life Science was the first major player in NGS. Their 
pyrosequencing platforms allow a read length ranging from 400 to 700 nucleotides, 
generating 700 million bases in a day run. Their longer read lengths facilitate the 
assembly of newly discovered genomes faster than technology using shorter read lengths. 
However, their platform has a high cost of reagents, and is error prone in places with 
homo-polymer repeats (Metzker, 2009). The low throughput is caused by the need to use 
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large microbeads (~ 15 J-lm), which are used as a solid support to amplify the DNA 
template to be sequenced, in a process called emulsion PCR ( ePCR). This entails 
encapsulating a single bead possessing a unique DNA fragment in a water-oil droplet and 
then to perform PCR using this droplet. This process, is very expensive, tedious, and 
inefficient. Only a 20% of the beads include unique DNA fragments that are useful in 
sequencmg. 
Illumina (San Diego, CA) provides a read length between 75-100 bases, generating 
150 billion bases in a weekly run. Illumina is currently the most widely used platform in 
the field, but with the disadvantage of low multiplexing capability with samples 
(Metzker, 2009). Illumina use a technique called bridge amplification, which instead of 
using beads to amplify the DNA template uses clusters of oligonucleotides on the surface 
of the flow cell. Ion Torrents (part of Life Technologies Corp, Guilford, CT) has an 
interesting method for sequencing because it is based on detecting hydrogen ions that get 
released during DNA polymerization, and do not rely on detecting fluorescent signal like 
Roche 454 and Illumina. Their platform is able to produce 100 nucleotide long reads, 
generating 10 million bases per 1.5 hours run, and the instrument costs a fraction of the 
other machines (Shendure and Ji, 2008). This platform is able to provide fast sequencing 
speed with low upfront cost. Similar to Roche 454, the library preparation involves 
ePCR, which uses beads that are 3 J-lm in diameter. 
SBL is the second major method for NGS and uses DNA ligase to recognize the 
particular nucleotide that is present in a given position of a DNA template. It uses the 
mismatch sensitivity of the DNA ligase to correctly ligate a perfectly matching 
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hybridized short oligonucleotide probe, which allows for the determination of the 
underlying sequencing of the target DNA molecule. Two commercial sequencing 
platforms use SBL. They are Applied Biosystems Inc (ABl, part of Life Technologies 
Corp., Carlsbad, CA) and Complete Genomics lnc (CGI, Mountainview, CA). The ABl 
SOLiD platform offers read lengths of 35 and 75 bases, generating 180 billions bases per 
weekly run. They can achieve this read length by performing successive ligations on the 
probe. They cleave the fluorophore, a dye used for detection, at the end of the probe in a 
way that allows ligation of a second probe, creating a chain of ligated product. This 
technique is called extension by chain ligation (Valouev et al, 2008). Because this 
technology uses two base encoding instead of the usual three base encoding there is an 
inherent error correction with this platfom1 which is a big advantage, but the long read 
time is a drawback (Metzker, 2009). The DNA library preparation also uses ePCR on 
l)lm beads. 
Complete Genomics (CGI, Mountainview, CA) exclusively handles human genome 
sequencing and they developed their technology and facility to do so. Their technology 
uses DNA nanoballs for the preparation of DNA templates for sequencing. This process 
is very efficient and low cost when comparing with ePCR. It entails amplifying circular 
DNA templates via rolling circle amplification (RCA), creating individual DNA 
nanoballs that can be 10 times smaller than beads. They provide 2 x 35 nucleotides long 
reads using SBL. To achieve that, their library preparation involves multiple complex 
steps of ligating specific sequencing adapter followed by RCA. While all the specific 
details of this process are protected as proprietary information, sequencing this way 
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allows for use of lower volumes and concentrations for reagents than other existing 
platforms (Drmanac et al, 201 0). Although SBL and SBS are the two most commonly 
used technologies, other methods of sequencing are also available. These include 
Sequence by Hybridization (SBH), direct nucleotide sequencing, and the use of nanopore 
or electron microscopes to perform single molecule sequencing of long DNA fragments 
(Hanna et al, 2000). 
III. Developing rolony sequencing 
Before Complete Genomics started using DNA nanoballs for sequencing, the Church 
lab had been working on developing their own DNA nanoball scheme, which they called 
rolony (Church lab; George Church, Frederic Vigneault, Francois Vigneault, and Jaehyuk 
Lee, unpublished observation). The reason was that making a genomic DNA library this 
way does not require ePCR. DNA nanoballs also increase the throughput, productivity of 
the technology, when compared against ePCR. As described above, ePCR is very costly, 
time consuming, and inefficient (Drmanac et al , 2010). Like Complete Genomics ' DNA 
nanoball method, rolony sequencing is a method using rolling circle amplification, which 
amplifies small circular genomic fragments of DNA on itself, which creates individual 
rolonies. Next, an unchained sequencing by ligation method is used to identify the 
nucleotide sequence of the sample in question (Shendure et al , 2005). This allows for a 
great deal of rolonies to be sequenced every run, and the cost of reagents for this method 
is very low as compared with other NGS technologies. This is because rolonies have a 
diameter between 100-200nm while bead based technology uses 1000-15,000 nm beads. 
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The quantity and diameter of beads detem1ines cost, with a greater number ofbeads with 
a larger diameter, making the process more expensive. Bigger beads also require more 
volume of reagents. These two factors make rolony sequencing less expensive than 
technologies using ePCR (Porreca, 20 I l ). 
The procedure of creating DNA nanoballs is simple. Short single-stranded DNA 
(ssDNA) fragments, which can be anywhere from 50-5000 base pairs are generated from 
genomic DNA (gDNA), and sequencing adapters are ligated to allow hybridization with a 
sequencing primer. These ssDNA fragments are then circularized, and amplified by RCA. 
The entire process is very robust and takes approximately one day, as compared to the 
less efficient and less robust ePCR, which takes 2-3 days. The Complete Genomics 
nanoball scheme requires the ligation of multiple sequencing adapters and therefore takes 
approximately a week. Moreover this technology requires multiple rounds of PCR, which 
introduces problems, including PCR bias, and the possibility of amplifying contaminants. 
The nanoballs are adsorbed into flow cells specially designed for sequencing. When 
sequencing, anchor primers are first hybridized to the nanoball , and then fluorescently 
labeled probes matching the complementary sequence on the nanoballs are ligated to the 
anchor primer. This is possible due to the very high accuracy of DNA ligase. These 
fluorescent probes allow the positions on the genome that are being analyzed to be 
imaged on a high resolution camera (Drmanac et al, 201 0). Base calling is then 
performed to assemble the full sequence of the genome in question. (Dryden, Murray, 
and Rao, 2001 ). Base calling is a bioinformatics program used for DNA sequence 
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assembly that compares the identified sequence with the reference genome to perform the 
assembly (Dryden, Murray, and Rao, 2001). 
Rolony technology seems to only have advantages compared to other platforms. The 
high-density arrays that rolonies provide act as a major advantage. The rolonies can be 
attached to a nanometer-patterned surface in an ordered array, which allows for a high 
amount of DNA to be analyzed at once. This allows for packing a flow cell, a patterned 
array typically on a piece of silicone, with well to fill with DNA, to nearly 100% 
compared with beads that pack to about 20%. If a high percentage of wells are filled with 
DNA then there is higher number of reads that can be done per flow cell. The fact that the 
sequencing reactions are non-progressive, meaning that after reading each probe, the 
probe and anchor get removed for a new anchor and probe, can also be seen as an 
advantage (Porreca, 2011 ). In essence, what this does is to ensure that improper ligation 
from a previous reaction does not affect the following reaction. This helps to eliminate a 
major source of error found in many NGS platforms (Bentley et al, 2008). Furthermore, it 
reduces having to use expensive modified polyrnerases or synthetic nucleotides, and SBL 
does not require for probe ligations to be run to conclusion (Porreca, 2011). Phi29 DNA 
polymerase is used to make the rolony. This enzyme has high fidelity, and ensures the 
accurate amplification of the circular templates (Esteban, Salas, and Blanco, 1993). Since 
many copies of the template are located within a very small radius, it allows for a strong 
signal. 
By lowering the cost of sequencing, the rolony technology has the potential to make 
major contributions in treating and diagnosing diseases. In 2008 the cost of sequencing a 
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human genome was $1 million dollars. In 20 l 0, Compete Genomics was offering rolony-
like sequencing of complete genomes for $4400. Now, the cost of sequencing human 
genomes is approaching $1000, which is a price that would make large scale population 
sequencing feasible. (Speicher, Geigl , and Tomlinson, 20 10). A cost this low would make 
it reasonable for the entire United States population to have their genomes sequenced and 
become part of their medical records. The idea of keeping records of every citizen ' s 
genome has ethical implications and it has been argued that it will lead to genetic 
discrimination in health insurance coverage, jobs, and in other areas . However, a low 
genome-sequencing price would still allow this to be a possibility. This is the likely 
future of medicine in more ways than one because it will allow for preventative medicine 
to advance, but also more advanced clinical applications like targeted therapeutics in a 
personalized fashion. 
IV. Hypothesis 
Preliminary data from the Church lab suggested that the efficiency of synthesizing 
rolony was sequence specific (George Church, Francois Vigneault, Richard Terry, and 
Jaehyuk Lee, unpublished observations). To understand what in these sequences made a 
"good" rolony as compared to a "bad" one the following hypotheses were tested: 1) 
sequence specific secondary structures are required for efficient circularization; 2) 
sequence specific secondary structures are required for efficient RCA; and 3) specific 
secondary structures assist in folding the DNA into a rolony. Different circularization 
conditions using a variety of DNA templates were used for RCA and SBL on each 
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sample. Finally, Atomic Force Microscopy (AFM) was used in an attempt to capture 3-
dimensional (3D) pictures of the rolony. 
Materials & Methods 
Secondary structure prediction 
All of the DNA templates used in this study had previously been synthesized by 
Integrated DNA Technology (IDT, Coralville IA). To compare them at their structural 
level, an IDT OligoAnalyzer 
(http: //www.idtdna.com/analyzer/Applications/OligoAnalyzer/) was used. This program 
provides different parameters of a DNA template with an input of a sequence. It also 
gives "most probably" folded images (see Figure 1). The images were obtained by 
inputting the DNA sequence to be used. All of the settings used were the default settings 
in the program. 
Circularization 
To begin the process, ssDNA fragments that were synthesized by IDT, and which 
had various sequencing adapters were circularized using Circligase II (Epicentre 
Biotechnologies, Madison WI). The following reaction was prepared: 
Reagents Volumes Final concentration 
H20 Nuclease Free 11 ~-tl) (to 20 ~-tl) 
lOX Reaction Buffer 2~-tl IX 
50mMMnCh 1 ~-tl 2.5mM 
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5M Betaine 4 ,.!1 1M 
10 11M linear ssDNA template l fll lOpmoles 
CircLigasell 1 fll 5 U/ fll 
The reaction was allowed to proceed for 60 min at 60°C or 65°C, after which the 
enzyme was inactivated at 80°C for I 0 min, and the reaction allowed to cool down at 4°C. 
Next, an exonuclease step was performed. Two different exonucleases were added. The 
first was Exonuclease I (Enzymatics, Beverly MA), which excises bases from ssDNA in 
the 3'~5' direction. The other was Exonuclease III (Enzymatics, Beverly MA), which 
excises bases from duplex DNA in the 3' ~ 5' direction. Each reaction was prepared: 
Reagent Volume Concentration 
Exonuclease I 1 fll 20 U/ fll 
Exonuclease III 1 fll 100 U/ fll 
The point of this step was to digest any residual linear single stranded DNA. 
These reagents were added to the initial PCR reaction. The reaction was incubated at 
37°C for 45 min, then heat inactivated at 80°C for 15 min. Once this process was 
complete the samples were placed at 4°C until they were ready to be used. 
To test the efficiency of circularization, two identical reactions for each template 
at both 60°C and 65°C were set up. The amount of DNA in each sample was measured by 
optical density at 260 nm using a NanoDrop 2000c (Thermo Scientific, NanoDrop 
Products, Wilmington DE) immediately after circularization, and after the exonuclease 
step. Afterwards, the two samples were compared as a ratio to determine whether the 
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entire DNA had circularized, or if there was a significant amount of ssDNA that was 
digested by exonucleases. 
Mini Elute PCR Clean Up 
After the circularization step, the DNA was purified using the Qiagen Mini-Elute 
PCR purification kit. The Mini-Elute PCR Purification kit has a silica membrane 
assembly. This membrane is for binding DNA in a high salt buffer, and it is then eluted 
using a low salt buffer. The purification procedure is used to remover primers, 
nucleotides, enzymes, mineral oils, salts, agarose, ethidium bromide and other impurities, 
which may be present in DNA samples. 
Rolling Circle Amplification 
Rolling circle amplification is an isothermal amplification process of nucleic acid 
replication that uses DNA polymerases with high strand displacement activity (i .e. the 
ability to unfold the DNA, even at low temperature). Phi29 DNA polymerase, which his a 
robust polymerase capable of rapidly extending very long fragments of DNA ofup to 200 
kb, and with a strong displacement activity and low exonuclease activity for proof-
reading, was used (Dean et al, 2001). The RCA reaction using 029 DNA polymerase 
(Enzymatics, Beverly MA) was prepared this way: 
Reagents Volumes Concentrations 
H20Nuclease Free 41 J.!l (to 50 f.!l) 
1 OX Reaction Buffer 5 fll IX 
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25 mMdNTP 2f.d 1 mM each 
1 11M F-RCA Primer 0.5 Ill 1 pmole 
~ 0.1 11M Circular Template 0.5 Ill ~ 1 pmole 
The primers were annealed to the template by incubating in the PCR machine at 95°C for 
1 min, then 60°C for 1 min, and then pause it at 4°C. 1 111 of029 DNA polymerase (1 
U/11l) was added to each sample while the reaction was on ice The reaction was incubated 
at 30°C for 4 hr, and then paused at 4°C. The reaction mixture was recovered into 450 111 
of IX PBS and was stored at 4°C, where it was stable for several months . 
Sequence by Ligation 
To assess the quality of the rolony, one cycle of SBL was performed (Shendure eta!, 
2005). The first step was to immobilize the rolony on silicon surface. To perform amino-
silanization of the silicon surface, it was first thoroughly washed and dried using 0.1 % 
triton in water and rinsed with distilled water (dH20). Next, the glass slides were washed 
with 100% 2-Propanol, and air dried using compressed air. The slides were coated with 
amino-silane (1 % solution of (3-Aminopropyl) triethoxysilane; (# A3648, Sigma, St. 
Louis MO) in dH20 . They were immersed in the diluted reagent for approximately 15 
min. The surface of the slides was then rinsed with dH20. Finally, the slides were air 
dried and stored in a vacuum desiccator until use. 
Before binding rolony to the aminosilane-coated surface, a flow cell was made by 
placing double-sided tape on the aminosilane treated slides to create channels. The slide 
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was covered with a clean coverslip that had been wiped with 2-propanol. The rolony 
(diluted 1:20 in lX PBS) was then loaded directly into the flow cell using - 20 fll of the 
rolony solution and allowed to incubate at room temperature for 30 min. 
Next, the lanes of the flow cell were washed using 30 fll ofWash 2 buffer (5X 
SSC + 0.01% tween20), by capillary action. This was done by adding the liquid to the top 
of the channel, and allowing the capillary action to displace the drop of liquid and giving 
an accumulation of wash at the other extremity of the channel. The liquid was prevented 
from running off the end of the channel by placing a kim wipe edge flat at the intersection 
of the glass slide and cover slip (bottom portion of the channel), while more wash was 
added at the upper entry of the channel to avoid bubbles. This wash was repeated 4 times. 
This step ensured that any rolony, which had not bound to the flow cell, was washed off. 
If those ro lonies had not been washed off then the probes that would be ligated in the 
next step would be not be able to be imaged due to the fact that they would not be 
securely held on the flow cell. 
Pollonator Imaging 
The pollonator, a genome-sequencing instrument designed by the Church lab, is at 
the forefront of rolony technology. The pollonator was designed as an open-source 
software and protocol machine, which makes it more accessible to individuals than 
current sequencing technology as offered by any sequencing company. For this project, 
the images taken were not of sequencing, but were used to determine the quality and 
concentration of DNA on the flow cells. Images that showed a high density and 
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concentration ofrolonies, shown as dots of different colors, each color representing a 
different DNA nucleotide, implied efficient DNA circularization and amplification. 
Images lacking rolonies indicate that the templates were not properly circularized, 
amplified, or ligated. The step, which caused the inefficient rolony formation, cannot be 
deciphered using this image, but it did indicate lack of rolonies . The flow cells were 
loaded into the pollonator after the machine had been turned on. Using the default setting 
on the "image acquisition" portion of the software, still images were taken. For each slide 
the image was taken a third of the way down the top of the flow cell. This was done to 
standardize where the image was taken. 
Particle Analyzer 
Several buffer conditions were tested in an attempt to keep the rolony compact for 
atomic force microscopy (AFM). ln order to determine the rolony size distribution and to 
infer their "compactness", Zetasizer measurements were performed (Zetasizer Nano ZS, 
Malvern Instruments Ltd., Worcestershire UK). After tuming on the device, the cuvette 
was filled with 1001-d of rolony sample diluted 1:20 in IX PBS. The cuvette was inserted 
into the allotted space, and pushed down into the cell holder until it stopped. The area lid 
was closed and the Standard "Operation Procedure" method selected. A measurement file 
was created and named before the start button was pressed. Measurements of particle 
and molecular size (0.3nm to 1 0 microns) were recorded to allow the determination of the 
best available system for variants (Pfrengle et al, 2006). The solution being searched for 
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was one that would allow for the rolony to stay stable and hold its circular shape so that 
AFM could be performed on the sample. 
Atomic Force Microscopy 
AFM is a very high-resolution way to perform scanning probe microscopy. It is 
able to produce a resolution up to 2 nm, which is 1000 times higher than optical 
diffraction limits (Lang et al, 2004). To prepare a sample for AFM, scotch tape was used 
to remove a thin layer of mica from the AFM puck. There was 5 )ll of 5X folding buffer 
pipetted onto the mica (10 mM Tris pH 8.0, 1 mM EDTA pH 8.0, 20 mM MgCl2) and 
then 5)ll of diluted sample added as well. These liquid aliquots were allowed to settle on 
the mica surface of the AFM puck. Then the puck was placed into the magnetic 
receptacle in the AFM. The following step was to carefully add 30 )ll of folding buffer 
onto the mica, making sure not to get any liquid into the AFM machine. To tum on the 
AFM, a switched labeled "STM" was turned over to "AFM". 
Next, using tweezers, the bottom of the wafer was placed into the curvy 
receptacle of the fluid cell. The wafer was secured by pushing on a spring, turning a 
lever, and relaxing a spring, so that the wafer was being held against the fluid cell. Also 
using tweezers, the fluid cell was picked up, inverted, and placed into the groove of the 
AFM meant for the fluid cell. Using the designated knob on the AFM for depressing the 
electrode into the cell, the cell was lowered until it was in contact with the AFM. The 
"Veeco" light was turned on. The Sum signal, which adjusts the laser, was tuned to 
approximately zero. The "Vert" (vertical reflection) and "Horz" (horizontal reflection) 
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were then maximized. The samples were then imaged by opening the Nanoscope 
program, and using "ScanAsyst in Fluid". To begin the process, the "Engage" button was 
pressed. After the tip is able to find the surface, "Withdraw" Is pressed, and this process 
is repeated until the image was able to fully scan. Generally, 512 samples/line, .977Hz 
scan rate, 3-30nm height scale bars, and 1-5 ) .. tl scan size was a good place to start 
measurements. 
Results 
Preliminary data had indicted that the most important characteristic for making 
rolonies is a good DNA template (Church Lab; George Church, Francois Vigneault, 
Frederic Vigneault, Richard Terry, and Jaehyuk Lee, unpublished observations). An ideal 
template is one that allows for efficient circularization of the template, and even contains 
structures or sequences that help in the circularization. Also, the ideal template is one that 
is easy to amplify. Having a single circularized DNA template is a good first step, but if it 
cannot be amplified then it is unusable. The amplification process sets the stage for an 
efficient Sequence by Ligation (SBL) step, and the SBL is a very important step in the 
sequencing process. If SBL does not go well then it is not possible to sequence anything. 
Many templates have been studied, and new ones are continuously being studied to 
determine what the ideal template is. There are leads as to what parameters form good 
rolony, but the exact ones are not yet determined. For this reason, 12 different templates 
containing different sequences and secondary structures were evaluated here. The 
intention was to define the characteristics needed for rolonies to form in such a way that 
allows for efficient sequencing. 
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Evaluation of secondary structure in rolony templates. 
Twelve DNA oligonucleotide sequences were picked from a larger pool of 
templates that had already been used once to create rolonies (Table 1 ). An attempt at 
rationally designing the templates was used from the beginning. Using a DNA folding 
program provided on Integrated DNA Technologies (IDT) website, named 
OligoAnalyzer (http ://www.idtdna.com/analyzer/Applications/OligoAnalyzer/), images 
of folded templates were obtained (Figure lA-lK). The image obtained for each 
sequence was a helpful predictor of folding efficiency and was also useful in analyzing 
data. Seeing what each folded template looked like was important in comparing the data 
obtained for different sequences. Due to the fact that it had been hypothesized that the 
secondary structure of DNA would be important for folding, seeing the predicted 
secondary structures from the OligoAnalyzer was useful in determining what may make a 
good rolony. For instance, previous experiments had shown that a stem loop structure in 
the secondary structure would be beneficial in making rolony, and so templates that had a 
secondary structure were predicted to be more efficient at making rolony. It was also 
important in understanding different structures that were added to the sequences, and the 
impact of those structures. Each image had its own defining characteristics, but all of 
them also had similarities. They all had a circular genome consisting of "N" nucleotides. 
The other similarity was that the genome had a stacked helix adaptor connected to a stem 
loop, in almost all of the oligonucleotides. Previous research had indicated that different 
positions of stem loops would affect the rolonies, and this was kept in mind when 
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analyzing the new structures. The number of nucleotides was approximately the same for 
all DNA templates. 
The OligoAnalyzer predicted that the sequence Ternp-AC-24N would have no 
folding pattern. For this reason there no image provided for Temp-AC-24N is included in 
the thesis. Temp l-24N (Figure 1 A) was made based on an interpretation of Complete 
Genomics adapter sequences prior to the publication of their sequencing method 
(Drrnanac eta/. , 2010), with the idea that the genomic sequence only needed a small stern 
loop structure, and that anything larger would prove to be a hindrance in circularization. 
It seemed that a small stern loop would help the DNA fold in the process of 
circularization, but if the stern loop had been too big then it would prevent DNA from 
folding because of steric hindrance. This structure was not created with idea of putting 
the stem loop in a specific location, but it still ended up showing consistently good results 
in that circularization and amplification were efficient processes. A good result would be 
considered as having a rolony that is able to efficiently circularize, and then amplify. A 
bad result would be considered as a template that did not circularize and amplify well. 
Temp-Lib-24N (Figure lB) was derived in the laboratory (Porreca et al,, 2006). For 
Ternp-CGI1-24N (Figure lC), Ternp-CGI2-24N (Figure ID), Ternp-CGI3-24N (Figure 
1 E), and Ternp-CGI4-24N (Figure 1 F) were used to analyze the placement of the stem 
loop in creating stable and compact rolonies, with the prediction that that random 
placement of the stem loop would be detrimental to circularization (Drrnanac eta/. , 
2010). Stern loops and different sized adaptors were placed in different positions on the 
genomic DNA sequence to test this hypothesis. It has been previously shown that two 
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parameters that have been predicted to be important in rolony formation are the size and 
placement of the stem loop (Drmanac et a!. , 201 0). Temp2-24N (Figure 1 H) was created 
by Wyss Institute (Boston, MA) with the idea that the position of the stem loop did 
matter, and that a proportionally long stacked helix adaptor was necessary as well. 
Temp3-24N (Figure ll) had a similar design, but a small bulge of genomic DNA was 
added in between the adaptor sequences in order to create a longer helix, but with a 
similar T m to Temp2, thanks to a mispairing in the helix. Temp4-24N (Figure 11), like 
Temp2-24N, does not have the bulge in the adaptor. Temp-ATGC-24N (Figure lG) was 
created to determine what difference there would be in circularization if there were no 
stem secondary structure possible. Temp-AC-24N, which has no figure because 
OligoAnalyzer was not able to predict a folded secondary structure, was designed to have 
a long stable and terminal loop. Finally, Temp-P5P7-36N (Figure lK) was designed 
based on the Illumina adapter sequence and was chosen to see how well the samples 
tested would fare against the current market leader kit. 
Although there were many parameters that could have been assessed to indicate 
how well the DNA circularized, the ~G, Tm, and ~GHei ix (see Table 1) were selected. A 
less negative ~G was used as a measure of a more stable structure, given the prediction 
that a more stable structure would be beneficial to the process of circularization. The T m 
was measured to determine whether or not a particular rolony would be stable at room 
temperature, or if it needed a temperature that was higher or lower than room temperature 
for stability. The ~GHei ix was measured as an indication of the stability of the structures 
being formed. Although it was recognized that these parameters would not be an absolute 
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in determining the efficiency of circularization and amplification of the templates, it was 
considered a good starting point. For instance, Temp-P5P7-36N had a ~G of -16.64, a Tm 
of 62.5°C, and a ~GHelix of -18.59. When comparing this with Temp-l-24N which had -
2.21 , 38.7°C, and -5.98, respectively, it seemed clear that the high structure stability of 
Temp-P5P7 would be an hindrance and would not make be a good template for NGS. 
Results later confirmed this assumption . 
Impact of circularization conditions 
Previously, the temperature and time of incubation for the circularization process 
were thought to make a difference in the final circular DNA concentration that would be 
produced (Church Lab; George Church, Francois Vigneault, Frederic Vigneault, Richard 
Terry, Jaehyuk Lee, unpublished observation). However, these parameters had only been 
examined using a single template (Temp 1 ). Thus, it was important to compare multiple 
templates for an accurate assessment of these parameters in circularization. 
Many different protocols had been performed for circularization (Church Lab; 
George Church, Francois Vigneault, Frederic Vigneault, Richard Terry, Jaehyuk Lee, 
unpublished observation); however, two were selected to compare here. One of them 
involved a circularization step using a linear DNA template with an incubation step at 
60°C for one hour, and the other was similar with an incubation of 2 hours at 65°C. Both 
protocols ended with a heat inactivation step at 80°C for ten minutes . The only difference 
between the two protocols was temperature and time for incubation . A head to head 
comparison showed that the step using 65°C produced significantly more circularized 
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product. To be sure that the results were not due to chance, 3 separate replicates using the 
same templates were created on 3 separate days using the 60°C and 65°C settings (see 
Figure 2). The quality of these runs was poor with the most likely cause being pi petting 
errors. However, comparison of the ratio of circularized product to non-circularized 
product before and after the exonuclease step, indicated a trend favoring 60°C. This trend 
seemed to be due to circularization efficiency, but was not indicative of which sequence 
would favor circularization. 
The main concern was the role the secondary structure was playing in the 
circularization of the oligonucleotides. To test this, the concentration of DNA after 
circularization with and without an exonuclease step was examined. The exonuclease step 
was used to digest residual linear ssDNA. In theory, this step would indicate how much 
of the template was being circularized as opposed to what remained linear in the 
oligonucleotide. Ideally there would be no difference between the sample that had been 
given an exonuclease step and one that had not. Thus, the ratio of the concentration with 
and without the exonuclease was determined. A ratio of 1 would mean that the entire 
template had been circularized, and that there were no extra linear sequences that would 
need to be removed. 
Identical DNA oligonucleotides labeled "A" and "B" were circularized. The 
samples labeled "A" were subject to the exonuclease step whereas those labeled "B" 
were not, but were instead put through the Mini-Elute kit immediately after 
circularization. The NanoDrop was then used to assess the DNA concentration of each 
sample (ng/dL). An ample difference in DNA concentration was detected when the 
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exonuclease step was used. The sample that had not been given exonuclease tended to 
have a higher concentration of DNA for every sample compared to the identical template 
that had been given exonuclease. This suggested that the template, for both "A" and "B" 
were not entirely circularized in the samples. 
Three replicates of the circularization experiments were carried out. However, the 
replicates did not produce consistent results in terms of DNA concentration for the three 
runs using either protocol. In some cases, no difference in concentration was observed 
between the sample that received exonuclease and the sample that did not. To account for 
this, when doing the Rolling Circle Amplification (RCA) step, the three samples of 
circularized products were mixed together. 
Assessing rolony quality by sequencing 
The final step in making rolonies is Rolling Circle Amplification (RCA). How 
well the RCA step goes is indicative of how well the sequencing will go. However, the 
quality of the rolony produced can only be assayed by performing at least one SBL cycle. 
Repeated experiments indicated that the 60°C protocol tended to result in better 
sequencing data. Based on the circularization data, it is unclear why that was. One 
possible reason could be that when performing the circularization at higher temperature, 
no secondary structures formed, which prevented the circularization of the DNA template 
into rolony from forming before doing the RCA. Considering the fact that the hypothesis 
argues for the importance of secondary structure, it would make sense that there would be 
poor results without secondary structure in the DNA templates. Another reason could be 
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that higher temperatures harmed the DNA template in the presence of divalent ions (i .e. 
Mn2l. 
Different templates yielded data that was in general consistent with that predicted 
based on the sequence and predicted secondary structure, although as expected there was 
variability seen due to the inconsistency of the data obtained using the exonuclease step, 
described above. For instance, Temp-ATGC-24N, which was without a stem loop 
structure, gave very poor results in that rolonies did not form regardless of the conditions. 
In contrast, Temp-2-24N and Temp-4-24N, which contain a stem loop, gave very strong 
and consistent results. The circularization step and amplification step went very well, and 
they imaged well for SBL (see Figure 4 and 5). Temp-3-24N did not show rolonies that 
were as efficiently produced as Temp-2-24N and Temp-4-24N. lt seemed to be because 
there is a genomic DNA bulge in the adaptor stacked helix sequence. This bulge may 
have led to the forming of a weak spot in the DNA template that does not allow the 
circularization process to be as efficient as possible. Taken together, it was not clear why 
certain sequences out performed others. Additional assays would need to be performed. 
Determining whether circularization or the RCA is the most important step in 
producing the best rolonies is important. The circularization data presented here, while 
indicating a trend, was inconclusive. However, it might also indicate that circularization 
might not be the critical step. The RCA data demonstrate the impact of the sequence and 
its secondary structures in obtaining good rolony, suggesting that it is more critical. Once 
this is fully determined, the protocol can be modified to increase the efficiency of the 
process. 
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Images of rolony on Po Ilona tor 
Once the circularization, amplification, and sequence by ligation was completed, 
the imaging step was used to assess how well rolony formation had been. Images were 
taken using the Pollonator, a Church lab instrument that is also used for sequencing, to 
assess the quality of the rolonies. Each of the templates was imaged, using amplified 
samples of the 60°C (Figures 4A-4L) and 65°C (Figures 5A-5L) circularization 
protocols. A sample that showed a high density and high concentration of rolonies, 
indicated by a high density of dots on the image meant that the circularization and 
amplification steps had went well. The color of dots each represent a different DNA base 
(Adenine, Guanine, Cytosine, and Thymine). For the purposes of deciphering good 
rolonies, the colors of the dots does not matter for the images presented. 
The temperature best suited for circularization was tested and confirmed using the 
Pollonator. Comparing each template, for example Temp-l-24N and Temp-CGI1-24N at 
60°C and 65°C (compare Figure 4A to 5A, 4C to 5C, respectively) for each sample 
showed that there was a higher concentration and density of DNA at 60°C. The clearest 
visualization of this can be seen with Temp-4-24N at both temperatures (see Figure 4K 
and 5K). The rolonies in these images were brighter and more dense in that there was less 
space between rolonies with the images from 60°C as compared to those at 65°C. This 
was a trend for each of the obtained rolony images. 
Images from Temp-A TGC-24N and Temp-CGI4-24N (Figures 4F and 5F and 4G 
and 5G, respectively) lacked dots and showed that the templates were not efficient for 
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producing rolony. Also, the images for the template Temp-P5P7-36N both show a lack of 
rolony formation (See Figure 4L and 5L). While it could not be determined exactly what 
parameter was preventing rolony from forming, it was clear that there were no rolonies 
produced for this template. 
Capturing rolony in 3D 
In an attempt to determine the three-dimensional structure of a rolony, Atomic 
Force Microscopy (AFM) was used. The Zetasizer, a machine used to determine size 
distribution, was used to assess which samples would be used for AFM analysis by 
assessing which rolony would be the most stable and hold its shape. Eight different 
solutions of substances were mixed in with the rolony and assessed using the particle 
analyzer: rolony diluted 1:10 and 1 :20 in PBS; and rolony with the same concentration 
(1:10 and 1:20 dilution in PBS), but that had been UV cross-linked or had 10 ~-tm MgClz 
or I 00 ~-tm MgClz added to it. It was concluded that the DNA was stable under many 
conditions, but the I :20 dilution with 10 ~-tM MgClz added was selected for further 
analysis . However, a 3D image of the rolony samples was not achieved. The rolonies 
were flattened by the AFM (image not shown). 
Discussion 
The goal of this thesis was to determine what makes a "good" rolony, since signal 
intensity and stability over time are two big factors when sequencing DNA. Previous 
work had suggested that the template must be contain a particular sequence that would 
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help in the process of rolony formation, and that having a helix at a specific location had 
an influence on making "good" rolonies, but the exact parameters had not been 
elucidated. In order to tackle these problems, 12 different templates were used for further 
analysis. Each template was different in some way, which allowed a comparison between 
sequence and structure. It was found that sequence and structure do have an impact on 
making rolony. Two of the best templates were consistently Ternp-2-24N and Ternp-
CGI1-24N. They gave the best sequencing images with dense rolonies. Both of these 
sequences had a similar T m, 38.7°C and 39.2°C, respectively, with similarly located and 
stable helix. The sample with the highest T m was Temp-P5P7-36N (62.5°C), but it was 
not able to form rolony under any of the conditions tested. Temp-2-24N and Temp-CGI1-
24N both formed rolony that were stable and in high concentration. These data suggested 
that a melting temperature that is closer to room temperature makes a better template. 
These data also suggested that a more negative ~G and ~Ghelix were detrimental to how 
well the rolonies formed and were amplified. 
Future experiments to perfect the rolony will include relocating the helix on the 
templates that performed well, and stacking multiple helices. Alternatively, different 
nucleotide sequences for the stem loop structure can be tried to see if the sequence of the 
stem loop will make a better template. This will also test how strengthening or weakening 
the templates when changing the nucleotide sequence of the stern loop will affect the 
rolonies. For example, this might be achieved by making a more Guanine-Cytosine rich 
structure to strengthen the stern loop, or by weakening the loop using a more Adenine-
Thymine rich structure. 
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The use of the OligoAnalyzer allowed for the prediction of how well the 
structures would work as templates depending on the various properties. This will be 
even more helpful in the future with different template designs because parameters that 
allow for successful circularization and amplification have been identified. It is likely that 
more properties will be chosen to observe aside from the three that were chosen for this 
study. 
Circularization is a very important step in the process of producing rolony. If the 
circularization step does not go well, then further steps such as amplifying the circles 
with RCA will not go well. If there is not a great deal of circularized product then there 
will not be much to amplify. By including the exonuclease step, and comparing it with 
the concentration for DNA product without the exonuclease step, it was possible to 
determine how well circularization was working and how much was impacted by the 
structures. The original thought process on choosing the templates was that sequences 
and secondary structures would be very important to the final results. This is the reason 
that two different temperatures were tested for circularization at 60°C and 65°C. Both 
temperatures are in the optimal range for Circligasell (Epicentre Biotechnologies, 
Madison WI), a thermostable enzyme that catalyzes intramolecular ligation 
(circularization) of single stranded DNA templates. By being able to compare the amount 
of DNA concentration from each step, it was decided how much it would affect results. 
Though the quality of some of the presented data was questionable, a trend indicating that 
the 60°C would be more efficient at making circular products was identified. This is 
reflected in the seemingly higher concentration and quality of the rolony after SBL. 
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Another explanation could be that the secondary structures of the templates did not fold 
at 65°C, and were never given the chance to refold between the circularization and RCA. 
This is something that should be tested in the future, in which proper folding (e.g. 
denaturing at high temperature and slowly cooling to room temperature) would be 
allowed before the RCA, while comparing with a step that would do the opposite (e.g. 
denaturing and then flash cooling on dry ice). Overall, the data still suggest that the 
secondary structure makes a difference, and that the circularization may have an impact, 
since it was consistently shown that 60°C produced better rolonies. 
Until their helix stacking and weak/strong helical structures in the templates are 
tested, it is not possible to conclude whether circularization or the RCA that is the most 
important factor in rolony formation. Another parameter that will be adjusted is the 
temperature gradient. Future experiments will vary the temperature gradient for the 
process of circularization as well as RCA. Although it us understood from the enzyme 
kinetics of CircLigasell that this may be suboptimal, when analyzed together it may 
reveal a trend. 
Being able to look at the 3D structure of rolony was a very appealing idea. The 
particle analyzer was good because it showed the different parameters that would be best 
for trying to image the rolony. It appears that the rolony are as stable in PBS, and that 
higher salt or crosslinking does not help. Unfortunately, the AFM, and this would likely 
have been the case for Transmission Electron Microscopy (TEM), did not provide 
successful 3D images of the rolonies. The procedure flattened the rolony. Attempts to 
acquire 3D images of rolonies are not being abandoned though. Two electron microscopy 
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based techniques are available at Massachusetts Institute ofTechnology: cryo-EM, which 
preserves the sample in a frozen stage before and during TEM, and liquid suspension 
environmental scanning electron microscopy (ESEM). They will be used to test for 
possible 3D images of rolonies. 
The experiments described here point towards the fact that rolonies depend on 
sequence and secondary structure. There are certain sequences and certain secondary 
structures that are better suited to making rolonies. Characteristics of a DNA template can 
also give insight into how well the template will be able to form a rolony. The ideal 
rolony is one that provides 100% efficient circularization of the template, and is then also 
amplified efficiently. It has not been elucidated whether the most important step is 
circularization, amplification, or both in creating this ideal rolony, but different ways to 
test for this are planned for the future. Rolony technology has the possibility to lead next-
generation sequencing in terms of affordability and accessibility, and unlock the 
possibilities that come with being able to do so. 
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Table 1: DNA Templates 
Name DNA Sequence ~G Tm ~G 
ceq Helix 
5P- /5Phos/GTT CCT CAT TCT NNN NNN NNN NNN 2.01 -52.8 -0.09 
Temp1- NNN NNN NNN NNN CTG CCC CGG 
24N 
Temp- /5Phos/TGC CCC GGG TTC CTC A TT CTC TNNN -0.82 31.1 -6.37 
Lib-24N NNN NNN NNN NNN NNN NNN NNNA T CAC 
CGA CTG CCC ATA GAG AGG AAA 
Temp- /5Phos/ AT A CGT CTC GGG AAC GCT GAA GAN -3.98 39.2 -2 .17 
CGil- NNN NNN NNN NNN NNN NNN NNN NNA CTT 
24N CAG AAC CGC AA T GCA CG 
Temp- /5Phos/GTG CTC GTG CAA TGA CGT CTC GAC -4.95 40.3 -2.2 
CGI2- TCA NNN NNN NNN NNN NNN NNN NNN NNN 
24N GGC TCC AGC GGC T AA CGA TAG CTC 
Temp- /5Phos/CGA GCT CGA GCG ACT GCG CTT CGA -6 42.7 -5.58 
CGI3- CTG GNN NNN NNN NNN NNN NNN NNN NNN 
24N NAC TGC TGA CGT ACT GCG AGA AGC T 
Temp- /5Phos/CTC GAG CTC GAG CGA TCG GGC CGT -7 .84 43 .6 -4.61 
CGI4- ACG TCC AAC TAN NNN NNN NNN NNN NNN 
24N NNN NNN NNA AGT CGG AGG CCA AGC GGT 
CTT AGG AAG ACA AG 
Temp- /5Phos/ A TG CAT GCA TGC NNN NNN NNN NNN -8.82 60.6 -13.78 
ATGC- NNN NNN NNN NNN ATG CAT GCA TGC 
24N 
Temp- /5Phos/ ACA ACA ACA ACA NNN NNN NNN NNN nla n/a nla 
AC-24N NNN NNN NNN NNN ACA CAC ACA CAA 
Temp2- /5PHOS/GTT CCT CAT TCT CTG AAG ANN NNN -2.21 38.7 -5.98 
24N NNN NNN NNN NNN NNN NNN NAC TTC AGC 
TGCCCCGG 
Temp3- /5PHOS/TGC CCC GGT TCT CTG TTC CTC ANN -2.67 35.3 -6.37 
24N NNN NNN NNN NNN NNN NNN NNN NAG AGG 
AAA ATC ACC GAC TGC CCA TAG 
Temp4- /5PHOS/TGC CCC GGT TCT CTG TTC CTC ANN - L.73 38.2 -6.37 
24N NNN NNN NNN NNN NNN NNN NNN NAG AGG 
AAA A TC ACT GCC CAT AG 
Temp- /5Phos/CTT TCC CT A CAC GAC GCT CIT CCG -16.64 62.5 -18.59 
P5P7- A TC TNN NNN NNN NNN NNN NNN NNN NNN 
36N NNN NNN NNN NNN NAG ATC GGA AGA GCG 
GTT CAG CAG GAA TGC CGA G 
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Figure 1. The folded DNA template produced using OligoAnalyzer under default 
settings. A. (Temp-1-24-N) 
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Figure 2: Ratio of circularization at 60°C and 65 oc- This is a ratio of the circularization 
for each template at two temperatures. A number of 1 indicates that the entire template 
was circularized. The efficiency of circularization was used as a predictor of how well 
amplification and sequence by ligation would be. 
45 
60 
so 
40 
20 1- 1- 1- 1-
r- [ - I- .,.-I 10 
:. 
I 
~ ~ I I I 
' 
0 
-
1- 1'---- -
I-I ~- 1- 1- jt-
I---
I 
t-
lr 
~ 
I 
-
-
6QQC,Exo-
6QQC,Exo+ 
65QC,Exo-
65QC,Exo+ 
Figure 3: Comparison of before and after exonuclease treatment for 60°C and 65°C. 
DNA concentrations in ng/~-tl comparing temperature, and the use of an exonuclease step. 
Error bars indicate standard error. 
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Figure 4A. Rolony images created with the pollonator, an imaging device for NGS 
(George Church, unpublished observations)- Each dot represents a rolony, and each 
color represents a different base (Adenine, Guanine, Cytosine, Thymine). The density of 
dots on the image indicates the concentration ofrolony, with the higher number of dots 
indicating the higher concentration of rolony. This is not an image of sequencing, but 
high-density rolony on these images indicates a good template for sequencing. The 
samples above are the templates which were circularized at 60°C. Temp-l -24N (60°C) 
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Figure 4B- Temp-Lib-24N (60°C) 
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Figure 4C- Temp-CGI1-24N (60°C) 
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Figure 4D - TempCGI2-24N (60°C) 
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Figure 4E - Temp-CGI3-24N (60°C) 
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Figure 4F- Temp-CGI4-24N (60°C) 
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Figure 4G - Temp-ATGC-24N (60°C) 
53 
Figure 4H- Temp-AC-24N (60°C) 
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Figure 41- Temp2-24N (60°C) 
55 
Figure 4J - Temp-3-24N (60°C) 
56 
Figure 4K- Temp4-24N (60°C) 
57 
Figure 4L- Temp-P5P7-36N (60°C) 
58 
Figure 5A - Pollonator image where each dot represents a rolony, and each color 
represents a different base (Adenine, Guanine, Cytosine, Thymine). 
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Figure 5B- Temp-Lib-24N (65°C) 
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Figure 5C- Temp-CGI1-24N (65°C) 
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Figure 5D - Temp-CGI2-24N (65°C) 
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Figure 5E - Temp-CGI3-24N (65°C) 
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Figure SF - Temp-CGI4-24N (65°C) 
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Figure 5G- Temp-ATGC-24N (65°C) 
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Figure 5H - Temp-AC-24N (65°C) 
66 
Figure 51- Temp-2-24N (65°C) 
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Figure 5J- Temp-3-24N (65°C) 
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Figure 5K- Temp-4-24N (65°C) 
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Figure 5L- Temp-P5P7-36N (65°C) 
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